Loose-fill packaging sponges were extruded from mixtures of 54-62% hydroxypropylated (HP 5 %) amylomaize V (50% amylose) and wheat starches, 17-24% synthetic polymer, -13% water, 7% blowing agent(s), and 0.5% nucleating agent. One product made from 28% HP wheat starch, 28% HP amylomaize V starch, 12% ethylene vinyl alcohol (EVOH) copolymer, 8% polystyrene (PS), and 3% polystyrene maleic anhydride (PSMA) copolymer, plus the other raw materials, had a compressibility and resilience that matched those of expanded polystyrene (EPS), although its bulk density was four times higher. The starchy sponge showed 16% shrinkage in volume at 90% relative humidity and was 2% soluble in excess water, both at 25°C. After aging for 18 months near 25 °C, the HP starchy sponge gave only a trace of fines in a simulated shipping test, compared to 20% fines from a biodegradable, starch-based, loose-fill sponge of commerce.
INTRODUCTION
In the past 10 years, spongy starches have been marketed as loose-fill materials for packaging, mostly to alleviate the disposal and litter problems resulting from expanded polystyrene (EPS). Starch-based loosefill materials are produced commercially by high-temperature, short-time extrusion and contain over 90% starch. They are biodegradable except for low levels of a few innocuous additives. Other general advantages of the starch-based products include limited static cling, thermal insulation properties, and ready combustibility. Disadvantages include a 30% higher cost than EPS, at least double the bulk density, shrinkage at high humidity, and development of brittleness with reduced resilience plus shedding of dusty particles at low humidity [1] [2] [3] . To date, most authors have described starch-based sponges as foams. The term sponge seems more accurate, because these materials have a continuous air network, at least the ones examined in our laboratory.
The deficiencies of starch-based sponges for loosefill applications, like those of all starch-based plastics, originate from its hygroscopic properties and its tendency to embrittle. Embrittlement may result from increased hydrogen bonding between polymer chains, single chains winding into double-helical form, and polymer relaxation by rotation around the C-5-to-C-6 carbon bond. Approaches to overcome those deficiencies include (i) adding plasticizers [4, 5] ; (ii) modifying the starch hydroxyls with ester and ether groups [6] [7] [8] [9] [10] ; (iii) blending starch with a hydrophobic polymer that contains some polar groups (compatabilizer), often a block copolymer [11] [12] [13] [14] that forms a helical complex with starch [12, 15, 16] ; (iv) grafting polyolefins onto starch granules [12, 17] ; and (v) reacting starch during compounding and extruding with hydrophobic polymers either by free-radical [17] or polar [18] reactions between the starch hydroxyls and reactive groups on a hydrophobic polymer.
The two to three times greater bulk density of starch-based sponges compared to EPS (3.7 kg/m3) is Shi, Cha, and Seib difficult to overcome. Polystyrene has a true density near 1.0 g/cm 3 compared to starch at 1.5 g/cm 3
. Furthermore, the foaming of polystyrene is done gradually in a stepwise fashion starting with polystyrene beads imbedded with a fluorocarbon blowing agent [1] . The beads are warmed to give expansion, then cooled and held just below the glass transition temperature of polystyrene. During the holding period, the polymer molecules in the cell walls apparently relax and allow expansion at a low pressure in the next heating step. The heating/tempering steps are repeated several times.
The density of a starch-based sponge is established, on the other hand, in a single step when the molten polymer or polymer mix exits the extruder under pressure, and the hot vapors expand into the atmosphere. Extrudate expansion is a complicated dynamic process with interactions between the viscoelastic state of the melt, the nucleation of gas cells, the expansion of steam and other blowing agents, the cooling and stiffening of the extrudate, and the rupturing of gas cells. In general, high expansion of a starchy extrudate is favored by a formula containing high-amylose starch, a nucleating agent, a blowing agent, and 10-15% moisture together with high-shear processing at 100-200°C to create an amorphous viscoelastic melt [1] .
In this work, we prepared a starch-based sponge from a mixture of predominantly hydroxypropylated (HP) wheat and amylomaize (50% amylose) starches, both with low degrees of substitution, modest levels of ethylene vinyl alcohol copolymer (EVOH) and polystyrene (PS), and a low level of poly(styrene-comaleic anhydride) (PSMA). Here we report the development of one product and describe its properties as a loose-fill material.
EXPERIMENTAL Materials
Wheat starch (Midsol 50) and HP (4.9%) wheat starch (Midsol 40) were from Midwest Grain Products, Inc. (Atchison, KS); amylomaize V (AM V) and HP (4.6%) amylomaize V (AM 2370) were from Cerestar Co. (Hammond, IN) . The moisture levels of the starches ranged from 11.5 to 12.0%. Pelleted (j = 2.0 mm, l = 5 mm) PS was PS 1800 (M w 320,000) from BASF Corporation (Hoffman Estates, IL), and pelleted (t = 1.5 mm, l = 5 mm) EVOH containing 38 mol % ethylene was EVOH3803 from Eval Company of America (Lisle, IL). The EVOH was reported to be a random copolymer by the manufacturer. The PSMA (M n 1,900) containing 75 wt% styrene and poly(ethylene glycol) compound (M w 15,000-20,000), both in powdered form, were obtained from Sigma Chemical Company (St. Louis, MO). Safoam, a nucleating and blowing agent containing a proprietary mixture of encapsulated sodium salts of carbonic and polycarboxylic acid, was from Reedy International Corp. (Keyport, NJ), and silicon dioxide (Sipernat 22) was from Degussa Corp. (Teterboro, NJ). Glycerol monostearate was from Grinsted Products, Inc. (Industrial Airport, KS), and other chemicals were reagent-grade from Fisher Scientific (Fair Lawn, NJ). Ecofoam in a cylindrical shape (d = 17, l = 24 mm) and EPS with an "L" shape (h = 25, l = 16, w = 12 mm) were from American Excelsior (Arlington, TX).
General Methods
Volatiles were determined by loss of weight upon heating a sample to constant weight at 95°C in a forceddraft oven. Relative humidities (RH) of 23, 57, 75, 83 , and 90% at 25°C were established in desiccators with saturated salt solutions [19] . A Minolta Chroma Meter (Minolta Co., Ltd., Osaka, Japan) was used to measure the lightness (L*) of the loose-fill materials. They were placed in a shallow dish (p = 100 mm), and lightness was measured at a distance of 2 mm from the sample.
Water solubility of the starch-based sponge (1 g) was determined in 100 ml water at 20-100°C on pieces with d = 12-14 mm and d = 20-24 mm. A mixture was stirred for 30 min in a constant-temperature bath, and insoluble material was collected on Whatman No. 4 filter paper and dried to constant weight at 95°C. Hydroxypropyl contents of modified starches were determined by conversion to a-limit dextrins followed by proton nuclear magnetic resonance spectroscopy [20] .
Analysis of variance (ANOVA) and least significant differences (LSD) were calculated by software (Statistical Analysis System, SAS Institute, Cary, NC) at the 95% confidence level.
Mixing of Raw Materials to a Flowable Blend
The base formula of the starch-based sponge (Run 4, Table I ) was 31% (dry solids basis) wheat starch or HP wheat starch, 31% amylomaize corn starch or HP amylomaize corn starch, 17% EVOH, 13.5% total water, 1.5% Safoam, 5.5% methanol, and 0.5% silicon
